Abstract The activation of microglia in the spinal dorsal horn following peripheral nerve injury has been reported previously, and this change has been proposed to contribute to the development of a neuropathic pain state. We recently demonstrated that peripheral nerve injury activated convergent nociceptive inputs to spinal dorsal horn neurons. The present study was designed to further examine the role of microglia in the activation of convergent nociceptive inputs as well as development of a neuropathic pain state after peripheral nerve injury. Tibial nerve injury initially induced hyposensitivity at 3 days post-injury, and this was followed by hypersensitivity to tactile and thermal stimuli at 14 days. The intraperitoneal administration of minocycline (30 mg/kg), an inhibitor of microglial activation, for 8 days starting on the day of surgery prevented increases in OX-42 immunofluorescence labeling in the spinal dorsal horn and the development of tactile and thermal hypersensitivity at 14 days post-injury. The same minocycline treatment (day 0-7) also reduced the nerve injury-induced convergence of nociceptive inputs to spinal dorsal horn neurons, as revealed by double immunofluorescence labeling for c-Fos induced by noxious heat stimulation of the hindpaw and phosphorylated extracellular signal-regulated kinase induced by electrical stimulation of the injured tibial nerve. However, the administration of minocycline for 8 days starting 7 days after surgery did not prevent nerve injury-induced microglial activation, convergent nociceptive inputs, or tactile and thermal hypersensitivity. These results suggest that microglial activation in the early stage following peripheral nerve injury plays an important role in the anomalous convergence of nociceptive signals to spinal dorsal horn neurons and the development of neuropathic pain.
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Introduction
Peripheral nerve injury due to disease or trauma often causes neuropathic pain, which includes abnormal pain sensations such as hyperalgesia and allodynia [1] . These aberrant pain sensations have been reported to manifest themselves within as well as outside the peripheral territory of the injured nerve. Previous studies demonstrated that the somatotopy map of second order neurons in the spinal dorsal horn was disrupted, and that neurons that had disconnected from their original receptive fields began to respond to stimulation of the skin outside their original receptive field [2] [3] [4] [5] . The enhanced induction of neuronal c-Fos in the spinal and medullary dorsal horns has been shown to occur in response to the stimulation of the spared primary nociceptors following peripheral nerve injury [6] [7] [8] . We recently showed, using double immunofluorescence labeling for the neuronal activity markers c-Fos and phosphorylated extracellular signal-regulated kinase (p-ERK), that peripheral nerve injury activated anomalous convergent nociceptive inputs from the injured and spared nerves and appeared to contribute to the previously reported c-Fos hyperinducibility and hyperalgesia [9, 10] . These changes may also be responsible for hyperalgesia expanding to areas adjacent to that innervated by the injured nerve. Enhanced pain sensations have traditionally been solely attributed to neuronal events. However, emerging evidence suggests that the activation of CNS glial cells plays a significant role in post-traumatic neuronal plasticity and sensitization [11] [12] [13] [14] [15] [16] . Microglia and astrocytes were both activated in the spinal dorsal horn following peripheral nerve injuries such as nerve transection, ligation, and crushing [17, 18] . Activated microglia have been directly implicated in the initiation of nerve injury-induced pathological pain sensations [19, 20] . The activation of CNS glial cells appears to contribute to the release of signal mediators, including proinflammatory cytokines, which may increase pain hypersensitivity [14, 15, 21, 22] . Based on these findings, the detailed mechanisms by which the interaction between glial cells and neurons in the spinal dorsal horn induce pathological pain sensations are now under extensive investigation.
Minocycline, a semisynthetic second-generation tetracycline, has been reported to be a potent inhibitor of microglial activation without directly affecting astrocytes or neurons [23] [24] [25] . The aim of the present study was to determine whether nerve injury-induced microglial activation contributed to anomalous convergent primary afferent inputs to spinal dorsal horn neurons and the development of neuropathic pain. Using a rat model of neuropathic pain induced by injury to the tibial nerve, we elucidated the effects of the systemic administration of minocycline on the development of tactile and thermal hypersensitivity, microglial activation, and convergent nociceptive inputs from the spared intact nerves.
Materials and Methods

Animals
All surgical and experimental procedures described herein were reviewed and approved by the Animal Care and Use Committee, Okayama University, Government Animal Protection and Management Law (No. 105), Japanese Government Notification on Feeding and Safekeeping of Animals (No. 6), and the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23), revised 1996. Male Sprague-Dawley rats weighing 180-200 g at the time of surgery were used in this study. Rats were housed at 20°C with a daily light period of 12 h, and fed food and water ad libitum. Every attempt was made to minimize the number of animals used and reduce their suffering at all stages of the study.
Surgery and Minocycline Treatment
The tibial nerve was injured under anesthesia with an intraperitoneal (i.p.) injection of pentobarbital sodium (50 mg/ kg) as follows. The right sciatic nerve was exposed between the mid-thigh level and the popliteal fossa by a skin incision and blunt dissection through the biceps femoris muscle. The three major divisions of this nerve (the tibial, sural, and common peroneal nerves) were separated in the proximal part of this segment by their individual perineuria. The tibial nerve was firmly ligated at two separate points with 7-0 silk suture, and the nerve bundle between the two ligatures was transected with fine scissors. The contralateral side was left intact in all rats. Rats received daily intraperitoneal injections of minocycline (Sigma-Aldrich, St. Louis, MO, USA) or saline for 8 consecutive days. The treatment was started 1 h before surgery (day 0-7 groups) or on day 7 after surgery (day 7-14 groups). The dose of minocycline (30 mg/kg) used in this study was previously reported to suppress injuryinduced microglial activation [20, 26] . Nerve-injured rats were randomly assigned to one of four treatment groups; (1) saline day 0-7, (2) minocycline day 0-7, (3) saline day 7-14, and (4) minocycline day 7-14.
Behavioral Tests
Behavioral tests including withdrawal responses to mechanical and thermal stimuli were carried out in nerveinjured rats before (baseline) and 3, 7, and 14 days after surgery under constant conditions between 9:00 a.m. and 12:00 a.m. in a quiet room. Each treatment group used for the behavioral tests consisted of six rats. The injection of saline or minocycline for the day was completed 15 h before behavioral testing. Mechanical sensitivity was assessed using calibrated von Frey filaments. Animals were placed on an elevated wire grid and the plantar surface of the hindpaw was stimulated with a series of von Frey filaments. The 50 % paw withdrawal threshold (PWT) was determined by the up-down method [27, 28] . The response to noxious radiant heat was determined by the method of Hargreaves et al. [29] using a thermal stimulus apparatus (Ugo Basile Biological Research Apparatus, ComerioVerese, Italy). Rats were placed in a transparent plastic chamber on a glass floor, the heat stimulus was focused on the plantar surface of each hindpaw, and paw withdrawal latency (PWL) was measured. A 20-s cut-off was used to prevent tissue damage. Each paw was measured alternately at a brief interval of at least 1 min. PWL was defined as the average of three measurements for each paw.
Immunofluorescence Labeling for OX-42
After finishing behavioral testing, rats were perfused transcardially with saline followed by 4 % paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). The spinal cord at the 4th and 5th lumbar segments was removed, post-fixed in the same fixative for 24 h, and then immersed in 20 % sucrose in 0.02 M phosphate-buffered saline (PBS, pH 7.4) for 48 h. Frozen 10-lm-thick sections of the spinal cord were cut on a cryostat and mounted onto silane-coated slides. Sections were incubated for 24 h at RT with mouse monoclonal anti-OX-42 (1:2000; CD11b, Serotec, Indianapolis, IN, USA). Alexa-488 (1:1000; Molecular Probes, Eugene, OR, USA)-conjugated secondary antibodies were used to visualize primary antibody binding. The primary antibody was omitted for negative controls. Sections were coverslipped with DAKO Fluorescent Mounting Medium (DAKO, Carpinteria, CA, USA). The labeled sections were examined with a Nikon (Tokyo, Japan) fluorescence microscope, and images were captured with a CCD spot camera.
In the image analysis, Lumina Vision software (Mitani Corporation, Fukui, Japan) was used to measure the fluorescence density of OX42-immunoreactivity in three sections for each rat. Three sections within 1 mm rostral or caudal to the junction of the 4th and 5th lumbar segments were randomly selected for statistical analyses and the average of three sections was recorded for each rat. Images of the spinal cord were captured, the dorsomedial quarter of the spinal dorsal horn was outlined, and a numerical value of the intensity per unit area was calculated. Fluorescence illumination was kept low to ensure that the camera output remained within the linear range and, therefore, the measured value of light intensity was proportional to fluorescence density. The relative densitometrical value was defined as the ratio of the average fluorescence density of the sampled dorsal horn area to the saline-treated contralateral counterpart.
Double Immunofluorescence Labeling for c-Fos and p-ERK
Double immunofluorescence labeling was used to detect convergent synaptic input to second order neurons. In this model, c-Fos expression and the phosphorylation of ERK were induced by noxious heat stimulation to the hindpaw and by ES of the tibial nerve, respectively [9, 10] . c-Fos/p-ERK double-labeled cell profiles, which appeared after the nerve injury, were considered to have received convergent primary afferent inputs from intact and injured nerves. The tibial nerve was injured under anesthesia with an i.p. injection of pentobarbital sodium in another group of rats (n = 20). Sham-operated rats, in which the nerve was exposed without intentional nerve injury, were used as controls (n = 20). Minocycline or saline was injected intraperitoneally daily for 8 days. The treatment was started 1 h before surgery (day 0-7) or on day 7 after surgery (day 7-14). Nerve-injured or uninjured rats were randomly assigned to one of four treatment groups; (1) saline day 0-7, (2) minocycline day 0-7, (3) saline day 7-14, and (4) minocycline day 7-14. Fourteen days after the tibial nerve injury or sham surgery with saline or the minocycline treatment (n = 5 in each surgery and treatment), re-anesthetized rats received a noxious heat stimulation to the hindpaw 2 h before perfusion and the injured or uninjured tibial nerve was subsequently exposed for ES 15 min prior to perfusion (Fig. 1) . The hindpaw was immersed in hot water (55°C) for 10 s for the noxious heat stimulation. Silver hock electrodes were placed beneath the isolated tibial nerve for ES, and a train of rectangular pulses (5 mA, 5 ms) was delivered at 5 Hz for 10 min. These stimulation parameters were previously determined as sufficient for exciting C-fibers [8] [9] [10] [30] [31] [32] [33] [34] . Rats were perfused transcardially with saline followed by 4 % paraformaldehyde in 0.1 M PB 2 h after the noxious heat stimulation and 5 min after ES (Fig. 1) . The spinal cord at the 4th and 5th lumbar (L4 and L5) segments was removed, post-fixed in the same fixative for 24 h and then immersed in Frozen 10-lm-thick sections of the spinal cord were cut on a cryostat and mounted onto silane-coated slides. Sections were incubated for 24 h at RT with a mixture of the rabbit polyclonal anti-c-Fos antibody (1:8000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and mouse monoclonal antiphospho-p44/42 MAP kinase antibody (1:2000; Cell Signaling, Beverly, MA, USA). Alexa-488 and Alexa-568 (1:1000; Molecular Probes)-conjugated secondary antibodies were used to visualize primary antibody binding. The primary antibody was omitted for negative controls. Sections were coverslipped with DAKO Fluorescent Mounting Medium. The labeled sections were examined with a Nikon fluorescence microscope, and images were captured with a CCD spot camera. The analysis was based on previous findings [6, 9, 35] in which the medial 1/3 (tibial territory) of the superficial dorsal horn around the junction of the 4th and 5th lumbar segments received a primary projection from the tibial nerve that innervates the planter surface of the hindpaw, whereas the lateral 1/4 was innervated by primary neurons supplying the posterior cutaneous nerve of the thigh. The area between them (peroneal territory) received a primary projection from the superficial peroneal and sural nerves that innervate the dorsal and lateral aspects of the hindpaw. The numbers of c-Fos protein-like immunoreactive (c-Fos-IR), p-ERK immunoreactive (p-ERK-IR), and c-Fos/p-ERK double-labeled cell profiles were counted separately for tibial and peroneal territories in laminae I and II (I/II) of the spinal dorsal horn. Five sections within 1 mm rostral or caudal to the junction of the 4th and 5th lumbar segments were randomly selected for statistical analyses and the average of five sections was recorded for each rat.
Statistical Analysis
Results are presented as the mean ± SEM. Statistical analyses were performed using a one-way analysis of variance (ANOVA) followed by the post hoc Tukey-Kramer test or Student's t test. Comparisons between the ipsilateral and contralateral sides were performed using a paired t test. The criterion used for significance was P \ 0.05.
Results
Effects of Minocycline on Behavioral Responses After Injury to the Tibial Nerve
To investigate the contribution of microglial activation to the development of tactile allodynia and thermal hyperalgesia, nerve-injured rats were administered with saline or minocycline daily for 8 days, beginning on the day of nerve injury or 7 days after nerve injury. The baseline PWT for mechanical pressure applied to the plantar surface of the hindpaw prior to surgery was approximately 8-12 g. The PWT contralateral to the injury maintained a level similar to the baseline throughout the observation period with a minor fluctuation in all treatment groups (Fig. 2a, c) . The tibial nerve injury caused a significant increase in the PWT on the ipsilateral sides after 3 days irrespective of the saline or minocycline injection (Fig. 2b, d) . In rats treated with saline beginning on the day of the nerve injury, the threshold returned to the baseline level by 7 days and was significantly decreased 14 days after the injury. In rats treated with minocycline (day 0-7), the PWT was lower 7 and 14 days after the injury than 3 days after the injury. However, the PWT in minocycline-treated rats was significantly higher than that in saline-treated rats 14 days after the nerve injury, indicating that the minocycline administration beginning on the day of the nerve injury significantly prevented nerve injury-induced tactile hypersensitivity (Fig. 2b) . On the other hand, minocycline (day 7-14) did not suppress nerve injury-induced tactile hypersensitivity. No significant differences were observed in the PWT between minocycline-and saline-treated groups (Fig. 2d) .
Regarding thermonocifensive behavior, the baseline PWL after the onset of radiant heat was approximately 9-11 s. The PWL contralateral to the injury maintained a level similar to the baseline throughout the observation period with a minor fluctuation in all treatment groups (Fig. 3a, c) . The tibial nerve injury resulted in an initial increase in the PWL on the ipsilateral sides at 3 days irrespective of the saline or minocycline injection, and the PWL was lower 7 and 14 days after the injury than 3 days after the injury (Fig. 3b, d) . However, the PWL on the ipsilateral sides in rats treated with minocycline (day 0-7) was significantly longer than that in saline-treated rats at 14 days after the nerve injury, indicating that the minocycline administration (day 0-7) significantly reduced nerve injury-induced thermal hyperalgesia (Fig. 3b) . However, the administration of minocycline starting 7 days after the injury did not suppress hyperalgesia. No significant differences were observed in the PWL between minocycline-and saline-treated animals (Fig. 3d) . These results indicated that activated microglia contributed to the development of tactile allodynia and thermal hyperalgesia following the tibial nerve injury.
Effects of Minocycline on OX-42 Immunoreactivity in the Spinal Dorsal Horn After Injury to the Tibial Nerve
Immunofluorescence labeling for OX-42 revealed an effect of minocycline on microglial activation induced by the nerve injury in a manner that was dependent on the timing of its administration. Increased immunoreactivity for OX-42 was observed in the dorsomedial half of the spinal dorsal horn, especially in superficial laminae I and II (I/II), ipsilateral to the injury 14 days after the tibial nerve injury in rats treated with saline beginning on the day of surgery c, d) . The mean ± SEM of the PWT is plotted against the post-injury interval. The asterisk indicates a significant difference from the threshold of day 0 (*P \ 0.05; **P \ 0.01, ANOVA with the post hoc Tukey-Kramer test). Statistical comparisons were also made between saline-and minocycline-treated groups ( ## P \ 0.01, Student's t test) Fig. 3 The administration of minocycline daily for 8 days beginning on the day of surgery prevented the development of thermal hyperalgesia caused by the tibial nerve injury. The paw withdrawal latency (PWL) of thermal stimulation contra(a, c) and ipsilateral (b, d) to the nerve injury before the injury (day 0) and 3, 7, and 14 days after the tibial nerve injury in rats treated with saline or minocycline beginning on the day of surgery (a, b) or 7 days after surgery (c, d). The mean ± SEM of the PWL is plotted against the post-injury interval. The asterisk indicates a significant difference from the threshold of day 0 (*P \ 0.05, ANOVA with the post hoc Tukey-Kramer test). Statistical comparisons were also made between saline-and minocycline-treated groups ( ## P \ 0.01, Student's t test) (Fig. 4) . However, this increase was not as prominent in similar areas 14 days after the tibial nerve injury in rats treated with minocycline beginning on the day of surgery (Fig. 4) . Increased immunoreactivity for OX-42 was also observed in the dorsomedial half of the spinal dorsal horn ipsilateral to the injury 14 days after the tibial nerve injury in rats treated with saline or minocycline beginning 7 days after the injury (Fig. 5) . The image analysis of immunoreactivity for OX-42 confirmed the effects of minocycline on microglial activation (Fig. 6) . OX-42 immunoreactivity was significantly increased in the spinal dorsal horn ipsilateral to the injury 14 days after the nerve injury in rats treated with saline beginning on the day of surgery. In contrast to saline-treated controls, immunoreactivity for OX-42 did not increase in the spinal dorsal horn ipsilateral to the injury 14 days after the nerve injury in rats treated with minocycline starting on the day of surgery. Furthermore, OX-42 immunoreactivity was significantly lower than that of saline-treated controls (Fig. 6a) . A significant increase in OX-42 immunoreactivity was also observed in rats treated with saline or minocycline starting 7 days after surgery. No significant differences were observed in OX-42 immunoreactivity on the ipsilateral side between saline-and minocycline-treated groups; however, a slight decrease was noted in the minocycline-treated group (Fig. 6b) . These results indicated that minocycline, when administered early after the nerve injury, effectively attenuated nerve injury-induced microglial activation in the spinal dorsal horn.
Effects of Minocycline on Convergent Nociceptive Inputs in the Spinal Dorsal Horn After Injury to the Tibial Nerve
Double immunofluorescence labeling was used to detect convergent synaptic inputs to second order neurons disconnected from the receptive field of the tibial nerve. c-Fos translation was used as the activity marker for noxious heat stimulation of the hindpaw, while the phosphorylation of ERK was employed for ES of the tibial nerve. We first examined double immunofluorescence labeling in shamoperated animals treated with saline or minocycline. Fig. 4 The administration of minocycline daily for 8 days beginning on the day of surgery suppressed the activation of microglia in the spinal dorsal horn 14 days after the tibial nerve injury. Immunofluorescence labeling for OX-42 in the spinal dorsal horn 14 days after the tibial nerve injury in rats treated with saline or minocycline beginning on the day of surgery. Increased immunoreactivity for OX-42 was observed in the spinal dorsal horn ipsilateral to the injury in saline-treated group, while such an increase was not obvious in the minocycline-treated group. Scale bar 100 lm Figure 7 shows examples of single-and double-labeled cell profiles in the spinal dorsal horn of sham-operated animals treated with saline beginning on the day of surgery. Immunoreactivity for c-Fos was confined within the neuronal nucleus and yielded intense red fluorescence (Fig. 7a) . Immunoreactivity for p-ERK appeared as green fluorescence spread over the neuronal perikaryon or scattered as punctuate labeling (Fig. 7b) . Since punctuate labeling was Fig. 5 The administration of minocycline daily for 8 days beginning 7 days after surgery failed to suppress the activation of microglia in the spinal dorsal horn 14 days after the tibial nerve injury. Increased immunoreactivity for OX-42 was observed in the spinal dorsal horn ipsilateral to the injury 14 days after the tibial nerve injury in both treatment groups. Scale bar 100 lm Fig. 6 The relative densitometrical value for OX-42 immunoreactivity was determined in the spinal dorsal horn 14 days after the tibial nerve injury in rats treated with saline or minocycline beginning on the day of surgery or 7 days after surgery. a A significant increase in the relative immunofluorescence density for OX-42 was detected on the ipsilateral side 14 days after the tibial nerve injury in rats treated with saline beginning on the day of surgery, but not in the minocycline-treated group. Immunoreactivity was significantly lower in minocycline-treated rats than in saline-treated controls. b A significant increase in the relative immunofluorescence density for OX-42 was also detected on the ipsilateral side 14 days after the tibial nerve injury in rats treated with saline or minocycline beginning 7 days after surgery. No significant differences were found between the treatment groups. Each bar represents the mean value ± SEM of 6 individual experiments. *P \ 0.05; **P \ 0.01, the paired t test, significant difference from the contralateral side. # P \ 0.05, the Student's t test, significant difference between treatment groups considered to be derived from dendrites, axons or glial cells, we focused on neuronal perikaryal labeling as p-ERK-IR cell profiles. Double-labeled cell profiles were distinguished by their green labeling in the cytoplasm and intense red or yellow nuclear labeling (Fig. 7c) . Singleand double-labeled cell profiles were the most abundant in the medial 1/2 of laminae I/II in sham-operated animals (Fig. 7) . Labeled cell profiles were rarely detected in the deeper laminae III/IV. Along the rostro-caudal axis, labeled cell profiles were concentrated in the caudal part of L4 and rostral part of L5. A small number of labeled cell profiles were also found in the rostral part of L4 and caudal part of L5. This distribution pattern was consistent with the previously reported central terminal field of primary neurons in the sciatic nerve [35] . The most lateral part of the dorsal horn, which corresponded to the terminal field of primary neurons supplying the posterior cutaneous nerve of the thigh, was almost devoid of immunoreactivity. c-Fos-IR cell profiles were distributed in the tibial and peroneal territories, while p-ERK-IR cell profiles were only distributed in the tibial territory of the spinal dorsal horn. In sham-operated rats, the noxious heat stimulation to the hindpaw and ES to the tibial nerve were both expected to excite primary neurons in the tibial nerve. Indeed, a large number of double-labeled cell profiles were detected in the tibial territory of the spinal dorsal horn (Fig. 7a-c) . No significant difference was observed in the distribution or number of these IR cell profiles among the drug treatment groups, indicating that the administration of minocycline did not affect the transmission of nociceptive signals from uninjured primary nociceptors (data not shown).
We next performed double immunofluorescence labeling in nerve-injured rats treated with saline or minocycline (day 0-7 or day 7-14). c-Fos/p-ERK double-labeled cell profiles after the nerve injury were considered to have received convergent primary afferent inputs from intact and injured nerves [9] . A large number of c-Fos-IR cell profiles were observed in the tibial and peroneal territories in the spinal dorsal horn 14 days after the nerve injury in rats treated with saline starting on the day of surgery (Fig. 8) .
The number of c-Fos-IR cell profiles in nerve-injured rats treated with minocycline (day 0-7) was smaller than that in the saline-treated group (Figs. 8, 9 ). The c-Fos-IR cell profiles induced were restricted to the peroneal territory and the tibial territory was almost devoid of c-Fos-IR cell profiles. A large number of c-Fos-IR cell profiles were also observed in the spinal dorsal horn in nerve-injured rats treated with saline or minocycline starting 7 days after surgery (Figs. 8, 9 ). No significant difference was observed in the number of these cell profiles between the saline and minocycline treatment groups. ES of the tibial nerve induced a large number of p-ERK-IR cell profiles in the tibial territory of the superficial dorsal horn ipsilateral to the ES; however, no significant difference was noted in the number of these cell profiles between the saline and minocycline treatment groups (Figs. 8, 9 ). c-Fos-IR and p-ERK-IR cell profiles were rarely detected in the contralateral side and a change in the number of labeled cell profiles was not observed (data not shown). Double-labeled cell profiles for c-Fos and p-ERK were mainly distributed in the tibial territory of the superficial laminae of the spinal dorsal horn in rats treated with saline (day 0-7) (Fig. 8) . The number of double-labeled cell profiles was significantly smaller in nerve-injured rats treated with minocycline (day 0-7) (Figs. 8, 9) . A large number of double-labeled cell profiles was also observed in the spinal dorsal horn in nerve-injured rats treated with saline or minocycline starting 7 days after surgery (Figs. 8, 9 ). No significant difference was noted in the number of these cell profiles between the saline and minocycline treatment groups. The number of double-labeled cell profiles was also small in the peroneal territory; however, no significant difference was noted in the number of these cell profiles between the saline and minocycline treatment groups (Figs. 8, 9 ). These results indicated that minocycline, when administered early after the nerve injury, attenuated anomalous convergent inputs to spinal dorsal horn neurons after the nerve injury.
Discussion
This study showed that the nerve injury-induced activation of microglia contributed to the development of abnormal pain sensations including mechanical allodynia and thermal hyperalgesia. Consistent with previous findings, the administration of minocycline suppressed the nerve injury-induced activation of microglia and development of neuropathic pain [20, 26] . Our novel result was that the administration of minocycline attenuated nerve injury-induced anomalous convergent inputs to spinal dorsal horn neurons. Previous studies reported that CNS microglia and astrocytes were activated by peripheral nerve injury [16-18, 26, 36] , and glial activation was identified as a causal factor of pain hypersensitivity [14] . Consistent with these studies, microglial activation as indicated by immunofluorescence labeling for OX-42 was induced in the spinal dorsal horn after the tibial nerve injury. Increased immunoreactivity for OX-42 was observed in the dorsomedial half of the spinal dorsal horn at the L4-L5 level ipsilateral to the injury. This area corresponds to the central terminal field of the primary neurons constituting the tibial nerve [35] . Thus, it appears reasonable to speculate that substances released from injured nociceptive and non-nociceptive afferents may play important roles in the activation of microglia. Previous studies demonstrated that microglial activation appeared to have been mediated by signals, such as ATP, tissue necrosis factor-a (TNF-a), and fractalkine, which are released from the central terminals of injured primary afferents [37] [38] [39] [40] [41] . Peripherally axotomized primary neurons are thought to release neurotransmitters and/or neuromodulators by several different mechanisms. Axolemmal disruption certainly causes injury discharges immediately Fig. 8 The administration of minocycline daily for 8 days beginning on the day of surgery suppressed convergent nociceptive inputs to the spinal dorsal horn 14 days after the tibial nerve injury. Merged images of double immunofluorescence for c-Fos (red) and p-ERK (green) in the spinal dorsal horn following the noxious heat stimulation to the hindpaw and ES of the tibial nerve 14 days after a tibial nerve injury in rats treated with saline or minocycline beginning on the day of surgery or 7 days after surgery.
Representative data from one animal in each group are shown. Arrowheads indicate double-labeled cell profiles in the spinal dorsal horn. The numbers of c-Fos-IR and double-labeled cell profiles, especially in the tibial territory of the dorsal horn, were small in the group treated with minocycline beginning on the day of surgery (minocycline day 0-7). Tibial, tibial territory; peroneal, peroneal territory; I/II, laminae I and II; III/IV, laminae III and IV. Scale bar 100 lm after the injury. In other cases, ectopic spike generation in the neuroma and the ephaptic connection between injured primary neurons may also induce transmitter release in the chronic injury state [42, 43] .
Minocycline has been reported to be a potent inhibitor of microglial activation without directly affecting astrocytes or neurons [23] [24] [25] . However, it has been reported that minocycline reduced acute nociception by inhibiting neuronal ERK phosphorylation; administration of minocycline 1 h before abdominal acetic acid injection significantly attenuated pain-related behavior (writhing), and suppressed c-Fos expression and ERK phosphorylation in the spinal cord [44] . In the present study, 8 consecutive daily administration of minocycline did not affect painrelated behavioral responses or cytochemical markers for nociceptive neuronal activation unless the administration was started on the day of nerve injury. The difference between the present and the previous reports may be due to the difference in noxious signal processing between viscerosensory and somatosensory systems.
Previous studies have shown inhibitory effect of minocycline on behavioral hypersensitive state in several neuropathic pain model [20, 26, [45] [46] [47] . Consistent with these previous studies, the present study showed that the daily administration of minocycline for 8 days starting on the day of surgery resulted in the significant suppression of nerve injury-induced tactile allodynia and thermal hyperalgesia. Activated microglia were previously shown to release signal mediators, including multiple cytokines (interleukin1b, interleukin-6, and TNF-a), cyclooxygenase-2 (COX-2), brain-derived neurotrophic factor (BDNF), and inducible nitric oxide synthase (iNOS), which appear to contribute to different features of pathological pain [14, 15, 21, 22, 48, 49] . These previous findings and the present results suggest that Fig. 9 The number per section of c-Fos-IR (top), p-ERK-IR (middle), and double-labeled cell profiles (bottom) in the tibial territory and peroneal territory of the superficial laminae in the spinal dorsal horn following the noxious heat stimulation to the hindpaw and ES of the tibial nerve 14 days after a tibial nerve injury in rats treated with saline or minocycline beginning on the day of surgery (left column) or 7 days after surgery (right column). Double-labeled cell profiles were included in the populations of both c-Fos-IR and p-ERK-IR cell profiles. The numbers of c-Fos-IR and double-labeled cell profiles in the tibial territory were significantly decreased in the group treated with minocycline beginning on the day of surgery (minocycline day 0-7). No significant differences were found in each number between groups treated with saline and minocycline beginning 7 days after surgery (day [7] [8] [9] [10] [11] [12] [13] [14] . Each bar represents the mean value ± SEM of 5 individual experiments. **P \ 0.01; ***P \ 0.001, the Student's t test, significant difference between treatment groups microglial activation in the spinal dorsal horn plays an important role in the development of tactile allodynia and thermal hyperalgesia. However, initiation of the minocycline treatment 7 days after the nerve injury failed to attenuate injury-induced tactile allodynia or thermal hyperalgesia. It has been shown that inhibition of microglial activation attenuated the development of behavioral hypersensitivity in a rat model of neuropathic pain but was less effective on the treatment of existing mechanical allodynia and hyperalgesia [20] . Signaling molecules released from activated microglia lead to astrocytic activation, which, in turn, maintains a long-term pathological pain state [50, 51] . These findings suggest roles for microglia in the development of neuropathic pain although it cannot be ruled out a role of microglia in the maintenance of neuropathic pain state because previous studies demonstrated that inhibition of microglial activation reversed established pain hypersensitivity [52, 53] .
By using double immunofluorescence labeling for c-Fos and p-ERK, we recently demonstrated that tibial nerve injury activated convergent nociceptive inputs to spinal dorsal horn neurons from spared intact nerves [9] . The number of c-Fos-IR and double-labeled cell profiles was markedly decreased 3 and 7 days after the injury, and reappeared after 14 days, indicating that convergent nociceptive inputs may contribute to c-Fos hyperinducibility after nerve injury. In the present study, we determined whether nerve injury-induced microglial activation contributed to such anomalous convergent primary afferent inputs to spinal dorsal horn neurons. Double-labeled cell profiles were considered to have responded to both the noxious heat stimulation and ES of the tibial nerve. Since peripheral axons in the injured tibial nerve were prevented from reinnervating the skin receptive field, double labeling in nerve-injured rats was considered to represent the convergence of sensory signals from both tibial and peroneal nerves. Consistent with our recent findings [9] , a large number of c-Fos-IR and double-labeled cell profiles were distributed in the tibial territory of the spinal dorsal horn 14 days after the nerve injury in rats treated with saline. We also observed a large number of induced p-ERK-IR cell profiles in the tibial territory of the spinal dorsal horn 5 min after ES of the injured tibial nerve. No significant difference was noted in the number of p-ERK-IR cell profiles induced by ES among the drug treatment groups. Therefore, activated microglia may not affect the transmission of a nociceptive signal from injured primary nociceptors. A significant reduction in the number of c-Fos-IR and double-labeled cell profiles was found 14 days after the nerve injury when rats were treated with minocycline starting on the day of surgery. This result suggested that activated microglia may contribute to nerve injury-induced convergent nociceptive inputs to spinal dorsal horn neurons. However, the administration of minocycline starting 7 days after the nerve injury failed to attenuate injury-induced convergent nociceptive inputs. These results are consistent with the results from thermonocifensive behavioral test in the present study showing that minocycline, when administered early after the nerve injury, effectively attenuated nerve injury-induced thermal hyperalgesia. Moreover, our behavioral tests also demonstrated effect of minocycline on the development of tactile allodynia, suggesting that nerve injury-induced convergent nociceptive inputs may contribute to the development of not only thermal hyperalgesia but also tactile allodynia. Taken together with the results from behavioral tests and immunofluorescence labeling for OX-42, these results suggest that nerve injury-induced activated microglia in the spinal dorsal horn contributed to the development of abnormal pain sensations that are mediated by the convergence of sensory signals. A possible explanation for this result may be the disinhibition of synaptic inputs. Nociceptive spinal dorsal horn neurons may originally have convergent collateral primary inputs, which are normally insufficient to induce the up-regulation of c-Fos. Signal mediators released from activated microglia may activate a previously ''silent'' synaptic input. Such ''unmasking'' of a previously silent input may result in an increase in c-Fos-IR neurons induced by a noxious stimulation, and may also cause the referral and spread of pain. Several lines of evidence have indicated that microglial-derived BDNF attenuates the Cl --mediated inhibitory actions of GABA/glycine in the spinal dorsal horn [48, 54, 55] . BDNF released from activated microglia may have removed the GABAergic/glycinergic inhibition. Further investigations are warranted to elucidate the relationship between BDNF and convergent nociceptive inputs after peripheral nerve injury.
In summary, we demonstrated that injury to the tibial nerve induced microglial activation and convergent nociceptive inputs in the spinal dorsal horn, and these changes may contribute to the development of a neuropathic pain state. These results suggest that nerve injury-induced activated microglia in the spinal dorsal horn contribute to the development of abnormal pain sensations that are mediated by the convergence of sensory signals.
